Abstract: A new member of the WD repeat protein family, named GhWD40, was cloned from a near-isogenic line for glands in cotton. It has 2629 bp cDNA and a complete opening reading frame (ORF) of 1239 bp, containing the initial code (ATG) and terminal code (TAG); there is a 1061 bp non-coding sequence at the 5'-end, and a 329 bp non-coding sequence at the 3'-end, including the poly(A) sequence (accession number: JN714279). The predicted protein of the complete ORF comprised 412 amino acids with a calculated molecular mass of 47.1 kDa and an isoelectric point of 8.88. Protein domain scanning showed that the novel protein has five wd40 motifs and belongs to the WD40 family. From a search for GhWD40 cDNA and amino acid sequences in the database, it has 77% sequence identity and was 90% sequence positive with the WD-40 repeat protein from Trifolium pratense (accession number BAE71307.1), and 80% sequence identity and 89% sequence positivity with the ribosome biogenesis protein bop1 from Ricinus communis (accession number XP 002529002.1). We propose that GhWD40 may play the same role as bop1. In addition, expression of GhWD40 in near-isogenic lines 11 and 3 (with and without glands, respectively) was studied by quantitative RT-polymerase chain reaction, and the level in near-isogenic line 11 was higher than that in near-isogenic line 3, suggesting that GhWD40 may be related to gland formation.
Introduction
Cotton is one of the most economically important fibre crops in the world. Most cotton plants and seed contain pigment glands that produce gossypol, which is an important deterrent against a wide variety of pests and microbial pathogens Townsend et al. 2005) . Cotton could also become one of the largest sources of edible oilseed and also be a source of relatively high-quality protein (Sunilkumar et al. 2006; Bertrand et al. 2005; Gerasimidis et al. 2007 ); however, cottonseed is an underutilised food or feed source due to the presence of gossypol, a terpenoid aldehyde that is toxic to non-ruminant animals and humans (Sang et al. 1980; Shandilya et al. 1982; Weinbauer et al. 1983; Heywood 1988; Du et al. 2004; Stipanovic et al. 2006) .
After McMichael discovered a glandless cotton variety in 1959 (McMichael 1959) , several breeding programmes were launched in an attempt to transfer this glandless trait to commercial cotton varieties to produce gossypol-free cottonseed (McMichael 1960; Miravalle & Hyer 1962; Vaissayre & Hau 1985) . The resulting glandless varieties produce cottonseed that is free (or contains very low levels) of gossypol, and thus can be used as feed for monogastric animals and is even deemed safe for human consumption (Lusas & Jividen 1987; Alford et al. 1996) . In 2001, Zhang et al. (2001) introduced Xiangmian-18, a new mutant-derived upland cotton (Gossypium hirsutum) variety that has glands in its foliage, but contains low levels of gossypol in its seeds. However, the relationship between gossypol and pigment glands is complex and the molecular mechanism of pigment gland morphogenesis has not been elucidated .
Molecular mechanisms for gossypol biosynthesis have been partially deduced but mechanisms of gland formation are currently unknown. Martin et al. (2003) proposed a pathway for the biosynthesis of gossypol in which (+)-δ-cadinene plays a key role. No direct biochemical pathways have been identified for gland formation and evidence suggests that it can be uncoupled from gossypol biosynthesis (Brubaker 1996; Benedict et al. 2004) . To understand the molecular mechanisms of gland morphogenesis in cotton, we previously performed a genome-wide comparative analysis of the cottonseed transcriptome using a GeneChip array (Affymetrix) and identified genes related to delayed pigment gland formation (Cai et al. 2009; Sun et al. 2010) . From this, two differentially expressed cDNA libraries were constructed using suppression subtractive hybridisation (SSH) in the process of seed germination of nearisogenic lines 11 (glanded seed and plant, with a dominant gland gene) and 3 (glandless seed and plant). The differentially expressed cDNA fragments obtained may be related to regulatory and control factors, including a putative WD40 repeat protein cDNA fragment. As reported, three WD40 repeat proteinsGhTTG1-3 may play a pivotal role in cotton fibre initiation (Humphries et al. 2005 ). This WD40 fragment was not a complete sequence; although it had a poly(A) tail, it did not have the initial code ATG, according to alignment with WD40 genes from other species. Therefore, in this study, the full-length gene was first cloned using rapid amplification of cDNA ends (RACE), then the sequence and expression characteristics were further analysed, to investigate the molecular mechanisms of gland morphogenesis, which could help lead to genetically engineered cotton with better defences.
Material and methods

Material
Seeds of near-isogenic lines 11 and 3 were obtained from the Cotton Institute, Chinese Academy of Agricultural Sciences (Anyang, China). A total plant RNA extraction kit was purchased from Watson Biotechnologies (Shanghai, China); the pMD18-T vector, T4 DNA ligase, DNA gel extraction kit, TaKaRa Ex Taq TM polymerase chain reaction (PCR) kit (Hot Start version), TaKaRa LA Taq DNA polymerase, TaKaRa 5'-Full RACE Kit, TaKaRa RNA PCR kit (AMV) version 3.0, and SYBR premix Ex Taq TM were purchased from Takara (Dalian, China).
Total RNA extraction Cottonseeds were disinfected in 70% ethanol and 15% H2O2 solution, then washed in sterile water, and placed in plates containing sterilised filter paper and water until germination. The pigment gland began to develop 36 h later, and several new pigment glands developed on the surface of seeds of line 11 after 52 h, as verified by microscopy. The same seedling stage at 52 h for line 3 was used to extract total RNA. Total RNA was isolated with the total plant RNA extraction kit (Watson Biotechnologies) according to the manufacturer's instructions and was quantified photometrically. In addition, total RNA was electrophoresed on a denatured agarose gel to assess its integrity. The total RNA of line 11 was used for 5' RACE and both for quantitative reverse-transcription PCR (qRT-PCR).
Synthesis of first-strand cDNA and primer design
The first-strand cDNA used for qRT-PCR was synthesised in a 10-µL reaction volume, with 4 µL (5 µg) total RNA, following the manufacturer's instructions for the TaKaRa RNA PCR kit (AMV) version 3.0. The first-strand cDNA used for 5'-RACE was synthesised according to the manufacturer's instructions for the TaKaRa 5'-Full RACE kit. The G7 (laboratorial plivate No.) cDNA fragment ( Fig. 2 ) was used for primer design for the 5'-RACE PCR and qRT-PCR.
Amplification of the 5'-cDNA ends The first PCR reaction volume was 50 µL, containing 8 µL 1 × cDNA dilution buffer II, 3 µL 25 mmol/L MgCl2, 4 µL 10 × LA PCR buffer II, 2 µlsynthesised 5'-RACE cDNA template (cottonseeds line 11), 2 µL 10 µmol/L 5'-RACE outer primer, 2 µL 10 µmol/L WD40 outer primer (WDo: 5' TGCTGGCATCACTGTAGAA 3'), 0.25 µL TaKaRa LA Taq DNA polymerase, and 28.75 µL sterile H2O. The cDNA was first amplified at 94
• C for 3 min to pre-denature the cDNA template; this was followed by 30 amplification cycles of 94
• C for 30 s, 55
• C for 30 s, 72
• C for 3 min, and an extension at 72
• C for 10 min. Then 1 µL of the first amplification product was used for secondary amplification with 5 µL 10 × LA PCR buffer II, 5 µL 25 mmol/L MgCl2, 8 µL 2.5 mmol/L dNTP, 2 µL 10 µmol/L 5'-RACE inner primer, 2 µL 10 µmol/L WD40 inner primer (WD-i: 5' GTTCCTC-CTCATTCCCAAATCCAG 3'), 0.5 µL TaKaRa LA Taq DNA polymerase, and 26.5 µL sterile H2O, following the same amplification programme as described above, except for a 2-min extension time.
Molecular cloning and analysis of GhWD40 cDNA
The secondary amplification product was electrophoresed on a 1% agarose gel and the expected length band was extracted with a DNA gel extraction kit. The extracted 5'-RACE cDNA was cloned into the pMD18-T vector and the recombinant plasmid was confirmed by sequencing. The 5'-end cDNA sequence was assembled using the Contig Assembly Program (CAP); the protein sequence was deduced and analysed with the bioedit software. Blastn and Blastp programs were used to search for homologous sequences to the cotton WD40 cDNA sequence and protein sequence, respectively, in GenBank (http://blast.ncbi.nlm.nih.gov/). Protein domain scanning was carried out with the SMART program (http://smart.embl-heidelberg.de/). Multi-sequence alignment was accomplished with Clustalx software. The phylogenetic tree of the WD40 proteins was constructed based on the neighbour-joining method. Bootstrapping was performed with 1000 samples.
Expression analysis of cotton GhWD40 gene
An aliquot of 1 µg total RNA from each sample was reverse transcribed in a 10-µL reaction system using the AMV RNA PCR kit version 3.0 (TaKaRa). The sequences of the specific primer sets were as follows: forward primer 5' ATTTGGGAATGAGGAGGAA 3' and reverse primer 5' TGCTGGCATCACTGTAGAA 3'. The 18s rRNA gene (forward primer 5' TCGTAGTTGGACTTAGGGTGGG 3' and reverse primer 5'-CAAATGCTTTCGCAGTTGTTCG-3') and UBQ7 gene (forward primer 5'-GAAGGCATTCCA CCTGACCAAC-3' and reverse primer 5'-CTTGACCTTC TTCTTCTTGTGCTTG-3') of cotton were used as internal controls. The qRT-PCR was performed using the SYBR premix ExTaqTM kit (TaKaRa) according to the manufacturer's protocol. The selected genes were verified using a BIO-RAD iQ5 with a cycling temperature of 57 • C and a single peak on the melt curve to ensure a single PCR product. At least three replicates of each sample were tested.
Results
Cloning of the full-length GhWD40
Because the putative WD40 gene was selected from an SSH library (unpublished) for the cotton gland, total RNA of lines 11 and 3 were isolated. The A260/A280 value of total RNA was between 2.0 and 2.1, which showed that the total RNA was very pure and could be used in the following experiments. According to the sequence of the putative WD40 cDNA fragment, 5'-RACE was used to clone the full-length cDNA. After two amplifications, a specific band of about 1700 bp was obtained with 1% agarose gel electrophoresis (Fig. 1) , which is near to the expected length on the basis of alignment between the putative WD40 cDNA fragment and the WD40 gene from other species.
Characterisation of GhWD40
After molecular cloning and sequencing, a ∼1700 bp sequence was obtained. The sequence was further assembled using the CAP program, and full-length GhWD40 cDNA was obtained. The WD40 gene was 2629 bp in length, with a complete opening reading frame (ORF) of 1239 bp containing the initial (ATG) and terminal (TAG) codes. There was a 1061-bp non-coding sequence at the 5'-end, and a 329-bp non-coding sequence at 3'-end including the poly(A) sequence (Fig. 2) . This was deposited in GeneBank with the accession number JN714279.
The predicted protein of the complete ORF comprised 412 amino acids, with a calculated molecular mass of 47.1 kDa and an isoelectric point of 8.88. Protein domain scanning showed that the novel protein had five wd40 motifs and belonged to the WD40 family (Fig. 3) . In detail, there were five wd40 motif signatures in the regions 69-108, 232-271, 274-313, 317-356 , and 368-411 of the predicted protein (Fig. 2) . Therefore, the gene with the wd40 motif in upland cotton was named GhWD40 (Gossypium hirsutum L. WD40 repeat protein). In addition, the GhWD40 protein also had other interesting predicted sites, such as a BOP1NT motif that may modify proteins (Fig. 3) .
Homologues of GhWD40
The putative amino acid sequence of GhWD40 was compared to the database using blastp, and GhWD40 protein was found to have high sequence identity to several genes: GhWD40 and WD-40 repeat protein from Trifolium pratense showed 77% sequence identity and were 90% sequence positive (accession number BAE71307.1); GhWD40 and ribosome biogenesis protein bop1 from Ricinus communis showed 80% sequence identity and were 89% sequence positive (accession number XP 002529002.1); GhWD40 and WD40 protein from Cucumis melo showed 76% sequence identity and were 89% sequence positive (accession number AAU04772.1); and transducin family protein from Arabidopsis lyrata subsp. lyrata and A. thaliana both showed 73% sequence identity. Therefore, these genes may be homologues of GhWD40; the alignment of these genes is shown in Fig. 4 . These five WD40 motifs showed high similarity among six proteins (Fig. 4) . The homologous proteins are found in plants, implying that GhWD40 has been conserved in plants throughout evolution, and may have important functions in development processes. In phylogenetic analyses, GhWD40 and Rcbop1 clustered into one group, suggesting that GhWD40 may have homologues and similar functions to Rcbop1 (Fig. 5) .
Expression analysis of GhWD40
Because GhWD40 was first found to be associated with the cotton pigment gland, the different transcription levels of GhWD40 were detected using real-time RT-PCR. As shown in Figure 6 , the gene had different expression in seeds of cotton strains with or without glands. The mRNA level increased significantly in line 11 (glanded seed and plant, with a dominant gland gene), and expression in this near-isogenic line was more than ten-fold that in near-isogenic line 3 (glandless seed and plant), which suggests that GhWD40 plays a role in the formation of cotton glands.
Discussion
In this study, based on the cDNA fragment of GhWD40, the full-length cDNA of GhWD40 was cloned. In our previous studies, another WD40 repeat gene GDRP1 has been cloned (accession number EU219610) which expressed obviously after the gland has formed rather than in the process of gland formation, but the two gene sequences have lower similarity (Xie et al. 2008 ). GhWD40 encodes a novel 47.1-kDa protein with five WD40 repeat motifs, and is a new member of the WD repeat protein family, which can interact with other proteins through the WD repeat motif and play key roles in some processes in cells and organs (Neer et al. 1994; Baum et al. 2004; .
The cotton gland is a storage organ for gossypol and related secondary compounds. Most research has focused on the biosynthesis of gossypol and its important role in cotton growth, so that although cotton pigment glands have attracted the attention of researchers for a number of years, the molecular mechanism of their formation is unknown (Luo et al. 2001; Townsend et al. 2005; Xu et al. 2004) . Our group has been researching the molecular mechanism of cotton pigment gland formation. In this study, a WD40 repeat gene was cloned and its predicted protein sequence was found to be similar to WD40 protein. Seven WD40 repeat genes have been found in cotton, including Transparent Testa Glabra1-4 (TTG1-TTG4) (Humphries et al. 2005) , Gh-WDR (Duan et al. 2006) , ZFWD proteins containing a C3H zinc finger and seven WD40 repeats (Terol et al. 2000) , and now GhWD40 (this paper). However, the nucleic acid and amino acid sequences of GhWD40 and the other proteins show little similarity, which suggests that GhWD40 may have different functions than these other WD40 repeat proteins in cotton.
The analysed amino acid sequence of GhWD40 contains one BOP1NT motif and five WD40 motifs in this novel protein. It is similar to ribosome biogenesis protein bop1 in Ricinus communis (XP 002529002) and several WD-40 repeat proteins in Trifolium pratense (BAE71307), Cucumis melo (AAU04772), Arabidopsis lyrata subsp. lyrata (XP 002881717), and A. thaliana (NP 181567). Therefore, it is highly likely that the function of GhWD40 may be similar to ribosome biogenesis protein bop1, but there are very few functional reports for plants. In mouse, ribosome biogenesis protein bop1 is involved in 28S and 5.8S RNA processing and 60S ribosome biogenesis (Strezoska et al. 2000) . In our study, GhWD40 had higher expression levels in cottonseeds from near-isogenic line 11 than line 3. The only difference between the two strains, in which nearly all characters are the same, is the pigment gland in seeds and plants. This suggests that the gene may be related to cotton pigment gland formation. However, its role and regulatory mechanism require further investigation.
In summary, we cloned a full-length GhWD40 gene with a WD40 repeat motif and found little sequence similarity to other WD40 family proteins in cotton. Our results provide a basis of future functional research. The expression of GhWD40 was correlated with the presence/absence of glands in cotton. Because an indicator for gland formation has not been established in cotton, GhWD40 may prove useful for breeding glandless cottonseeds and for further research on the molecular mechanism of cotton gland formation.
